Primary solidification phase and lamellar orientation are investigated in Ti-45Al-7Nb alloy at very high ratio of temperature gradient to growth rate (G/v) by a liquid-metal-cooled directionally solidified method. It shows that Ti-45Al-7Nb alloy solidifies with primary Į phase. Longitudinal (parallel to growth direction) microstructure shows that Į dendrites in solid-liquid mushy zone are discontinuous and transverse microstructure of Į dendrites is worm-like feature. Growth direction of Į phase is about 80° away from 0001 Į direction, and close to 112 ______ 0 Į direction. The corresponding lamellar orientation is aligned at the angle of about 10° to growth direction, which is consistent with Į-dendrite growth direction according to Blackburn orientation relationship. Therefore, due to the altered growth direction of Į phase, the lamellar orientation in Ti-45Al-7Nb alloy is controlled at the G/v ratio of 5×10 9 K·sm -2 .
Introduction
Nb-rich TiAl alloys based on the general composition of Ti-(45-46)Al-(4-8)Nb (in at %) are regarded as prospective structural materials for application in both aerospace and automotive industries, because of their high specific strength and creep resistance [1] [2] [3] . A good combination of room-temperature ductility and strength can be achieved as lamellar boundaries are aligned parallel to the tensile direction [4] , lamellar orientation in Nb-rich TiAl alloys is usually controlled to improve their mechanical properties by directionally solidified (DS) technique [5] [6] [7] [8] . According to Burgers and Blackburn orientation relationships (ORs) of {110} ȕ //{0001} Į //{111} Ȗ and 111 ȕ // 112 ______ 0 Į // 110 Ȗ , lamellar orientation is generally determined both by primary solidification *Corresponding author. Tel.: +86-10-82316958. E-mail address: zhanghu@buaa.edu.cn 1000-9361 © 2012 Elsevier Ltd. doi: 10.1016/S1000-9361(11)60408-1 phase and by preferred growth direction of the primary phase in TiAl alloys [9] . It is reported that ȕ phase is the primary phase in Nb-rich TiAl alloys, such as Ti-(45,46)Al-(5,8)Nb alloys with temperature gradient (G) to growth rate (v) ratios ranging from 5.2×10 7 to 5.2×10 8 K sm -2 [8, [10] [11] . In the primary ȕ TiAl alloys, ȕ phase is considered to grow preferentially along 100 ȕ direction and the resulting lamellar orientation is parallel or inclined at the angle of 45° to growth direction [12] . However, the growth direction of ȕ phase could be changed by solidification parameters, such as [110] ȕ direction at the G/v ratio of 6×10 8 K·sm -2 in Ti-45Al-8Nb-0.2C-0.2B alloy [11] . Moreover, at very high G/v ratio, the primary phase is revealed to transform from ȕ to Į phase as suggested by Su, et al. [13] . In the case of primary Į TiAl alloys, 0001 Į direction is preferred, and the corresponding lamellar orientation is normal to growth direction [14] . Is it possible for Nb-rich TiAl alloy that Į phase becomes the primary phase at very high G/v ratio? If the 0001 Į direction of Į phase could grow normal to heat flow direction at
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very high G/v ratio, the parallel orientation would easily be acquired. The purpose of this study is to investigate the possibility to form primary Į phase and the growth direction of primary Į phase at very high G/v ratio in Nb-rich TiAl alloy. The resulting lamellar orientation will be discussed in this study.
Experiments
Master alloy with nominal composition of Ti-45Al-7Nb was selected. The button ingots were prepared by non-consumable vacuum arc melting. Alumina tube with high purity yttria laid on the internal wall was used as mold, and the tube was nominally 240 mm in length and 15 mm in inner diameter. DS experiment was carried out with a vertical Bridgman furnace by W-cylinder heating and liquid metal cooling. The DS bar was pulled for 120 mm at growth rate of 0.12 mm/min and then quenched into Ga-In-Sn alloy to preserve the morphology of solid-liquid interface. More details about DS process are shown in Ref. [15] . Temperature gradient at the solid-liquid interface is approximately 100 K/cm, which is estimated by the ratio of liquidus-solidus temperature interval to the length of liquid-solid mushy zone. Thus, the G/v ratio is calculated to be about 5×10 9 K·sm -2 . The DS bar was sectioned longitudinally and transversely, and mechanically polished using a standard metallographic technique. The primary solidification phase (either ȕ or Į) is determined by examining the symmetry (either 4-or 6-fold) of the primary dendrites from the quenching microstructures [16] using a CamScan 3400 electron microscope. A CamScan Apollo 300 scanning electron microscopy (SEM) equipped with an electron back scattered diffraction (EBSD) detector was used to analyze dendrite growth direction, which involved re-polishing with colloidal SiO 2 powder (0.1 ȝm in diameter) as to achieve deformation-free surfaces. To characterize the lamellar orientation, optical microscopy (OM) analyses were conducted on the sample etched in a solution of 1 mL HF+3 mL HNO 3 + 9 mL H 2 O. Figure 1 shows the longitudinal microstructure in the solid-liquid mushy zone of DS bar. Dendritic morphology is found at the solid-liquid interface, and the angle between secondary dendrite arms and the main trunk is not 90°, but approximately 60°. So the primary solidification phase is identified as Į phase. As seen in Fig. 1 , it is noted that Į dendrites grow discontinuously along growth direction. Furthermore, B2 phase, which is formed in primary ȕ TiAl alloy for the addition of Nb, is not observed from Fig. 1 .
Results and Discussion

Primary solidification phase
Addition of Nb element could shift ȕ phase field at liquid/solid temperature to high Al composition side [12] . Al-lean and Nb-rich TiAl alloys were regarded to solidify with primary ȕ phase [8, [10] [11] , whereas primary Į phase is observed in the present study. This probably results from the high ratio of G/v. In this case, on the one hand, Į phase could grow primarily instead of ȕ phase as that in binary TiAl system [13] . On the other hand, the ȕ/Į solidification phase transition is shifted to a lower aluminium content compared to that of binary systems in alloys containing 1.5 at. % of oxygen [17] . In this study, since the melt is held at high superheating temperature and in contact with oxide mold for a long time during DS process, the chemically active Ti would inevitably interact with the oxide mold, which would increase the oxygen content of TiAl melt. Hence, the high oxygen content in Ti-45Al-7Nb alloy could also promote the transition of primary phase from ȕ into Į phase. Fig. 2(a) and Fig. 2(b) . The typical six-fold branches of Į dendrites are not evident from Fig. 2(a) . The pole figures of Į phase show that the growth direction is about 80° away from 0001 Į direction (Fig. 2(c) ), and it is close to 112 ______ 0 Į direction ( Fig.  2(d) ).
Dendrite growth direction has traditionally been assumed to correspond to the maximal crystal-melt interfacial free energy (Ȗ) [18] . The anisotropy of Ȗ may be altered by solute addition, which would result in varying dendrite growth direction, such as the varied direction from 100 to 110 in Al-Zn alloys [19] . Solidification parameters might also affect the anisotropy of Ȗ, and further change the dendrite growth direction. Moreover, dendrite growth direction is also found to be varied with G/v ratio in DS magnesium alloys [20] . Thus, it is inferred that very high G/v ratio might influence the anisotropy of Ȗ in Ti-45Al-7Nb alloy, which makes Į dendrites grow close to 112 ______ 0 Į direction, rather than 0001 Į direction. lumnar grain in the upper part of DS bar (near the solid-liquid mushy zone). To evaluate the lamellar orientation, columnar grain on the transverse section is cut longitudinally normal to the lamellar boundaries, and then the angle between Ȗ-lamella plane and growth direction is measured on the longitudinal section as illustrated in Fig. 3(a) . More details about the cutting method are shown in Ref. [15] . As shown in Fig. 3(b) , the lamellar orientation is aligned at the angle of about 10° to growth direction. This is consistent with the departure of about 80° from 0001 Į direction as discussed above. Additionally, the normal lamellar orientation is not observed in the DS bar. Lamellar orientation could be controlled by seeded Į phase as reviewed in Ref. [14] . However, Al content of TiAl alloys is limited by seeding technique due to the required undercooling needed for ȕ nucleation [20] . In this study, the 0001 Į direction of Į phase is found to be altered by the G/v ratio, and then lamellar boundary orientation is optimized. So it is suggested that lamellar orientation controlling could be realized by making Į dendrites grow along 112 ______ 0 Į direction at very high ratio of G/v. More work on correlation between growth direction of Į phase and G/v ratio is necessary. 
Lamellar orientation within columnar grain
Conclusions
1) Ti-45Al-7Nb alloy solidifies with Į phase as the ratio of temperature gradient to growth rate (G/v) is as high as 5×10 9 K·sm -2 . Longitudinal (parallel to growth direction) microstructure shows that Į dendrites in the solid-liquid mushy zone are discontinuous and transverse microstructure of Į dendrites is worm-like feature.
2) Growth direction of Į dendrites is close to 112 ______ 0 Į direction, rather than 0001 Į direction. Accordingly, lamellar orientation is aligned at the angle of about 10° to growth direction.
